The current study took a first step toward elucidating the sensory input that drives retronasal odor referral to the mouth. In 2 experiments, subjects performed odor localization tasks under various oral-nasal stimulation conditions that allowed us to assess the effects of direction of airflow, taste, and tactile stimulation on retronasal odor referral. Subjects reported the locations of perceived odors when food odorants were inhaled through the mouth alone or in the presence of water or various tastants in the mouth. The results indicated that when perceived alone, vanilla and soy sauce odor were localized 54.7%: 26.4%: 18.9% and 60.0%: 21.7%: 18.3% in the nose, oral cavity, and on the tongue, respectively. The localization of odors alone was not significantly different from when water was presented simultaneously in the mouth, indicating that tactile stimulation itself is not sufficient to enhance odor referral. However, the presence of sucrose, but not other tastes, significantly increased localization of vanilla to the tongue. Likewise, only NaCl significantly augmented referral of soy sauce odor to the tongue. These data indicate that referral of retronasal odors to the mouth can occur in the absence of a either taste or touch but that referral to the tongue depends strongly on the presence of a congruent taste.
Introduction
Mislocalization of retronasal odors to the mouth has long been recognized as a fundamental phenomenon of flavor perception (Hollingworth and Poffenberger 1917; Murphy et al. 1977; Murphy and Cain 1980; Rozin 1982) . Little is known, however, about where the retronasal odors are actually perceived or about the sensory mechanisms that underlie the referral of retronasal odors to the mouth. In recognition that confusion between tastes and retronasal odors commonly occurs and is resolved in favor of taste, Hollingworth and Poffenberger (1917, p. 13-14) suspected that retronasal odors are referred to tastes due to ''the customary presence of sensations of pressure, temperature, movement, and resistance which are localized in the mouth and in the organ of taste.' ' Murphy and Cain (1980) later refined this speculation by further suggesting that odor referral may be mediated through cutaneous stimulation in a way similar to the illusory referral of warmth and cold to the locus of an accompanying tactile stimulus (Green 1977 (Green , 1978 . Although making the argument that olfaction is the only dual sensory modality, Rozin (1982) later hypothesized that retronasal odor input may combine with tactile input, or alternatively with gustatory input, into an emergent percept in which the odor component may lose its separate identity. However, no studies have been carried out to directly investigate the sensory input that drives retronasal odor referral to the mouth.
The lack of investigation of retronasal odor referral is probably due largely to the fact that the components of a flavor, that is, taste, odor, and tactile sensations, cannot be easily separated in a controllable manner. In addition, there have been no methods established to measure the location(s) and the degree of odor referral. The current study had 3 objectives: first, to develop a psychophysical method that would allow us to simultaneously deliver retronasal odors in the presence and absence of gustatory and/or tactile stimulation and to quantify the perceived location(s) and degree of referral under such conditions; second, to assess the potential roles of taste and tactile stimulation in odor referral by employing the new method; and third, to study the effect of the congruency of taste-odor pairs (i.e., odor/taste combinations frequently encountered in foods) on the degree of odor referral. After finding evidence in the first experiment that odor-taste congruence might be a factor, we further explored the role of congruency in a second experiment by testing a different odorant.
Materials and methods

Subjects
Experiment 1
A total of 22 subjects (16 females and 6 males) between 20 and 40 years of age (mean = 24 years old) were recruited on the Oregon State University campus and were paid to participate. All were nonsmoking and nonpregnant individuals who were free from deficits in taste and smell by self-report. Subjects were asked to refrain from eating/drinking or using menthol products for at least 1 h prior to their scheduled session. They were also asked to avoid eating hot and spicy food for at least 24 h before testing. The experimental protocol was approved by the Oregon State University Institutional Review Board, and subjects gave written informed consent.
Experiment 2
A total of 21 subjects (13 females and 8 males) between 20 and 39 years of age (mean = 25 years old) participated in the second experiment. Inclusion/exclusion criteria and constraints for the subjects were the same as Experiment 1. Five subjects who participated in the first experiment also served in Experiment 2.
Stimuli
Two odorants were used in the experiments: 56 mM vanillin (Sigma-Aldrich) for Experiment 1 and 0.000025% (v/v) soy sauce flavor (Givaudan Flavors Corp.) for Experiment 2. The same 4 tastants were used in both experiments. They were 0.18 M sucrose (J.T. Baker), 3.2 mM citric acid (Sigma-Aldrich), 0.18 M sodium chloride (J.T. Baker), and 5.6 mM caffeine (Sigma-Aldrich). For the practice trials (see Procedure, below), an odorant and 2 tastants were used. They were 0.0000125% (v/v) citral (Alfa-Aesar), 0.18 M fructose (Mallinckrodt Baker Inc.), and 0.1 mM quinine hydrochloride (Sigma-Aldrich). Informal pilot testing was carried out to choose concentrations of the stimuli that evoked distinct retronasal odors and that produced approximately equi-intense sweetness, saltiness, sourness, and bitterness. To avoid potential changes in odor intensity over time, the 2 test odorants (i.e., vanillin and soy sauce) were prepared immediately before each test session in 100 mL volumes using deionized water. All tastants and the practice odorant, however, were prepared weekly from reagent grade compounds in 500 mL quantities and were stored in glass bottles at 4-6°C. All stimuli were presented at room temperature (20-22°C).
Odorant delivery device
A 30 mL sample of the odorant was held in a glass jar (130 mL volume, 4.7 cm diameter, and 10.5 cm high) sealed tightly with a plastic lid in which one 7 mm and two 2 mm diameter holes were made (Figure 1) . A flexible straw (Bradshaw International Inc.) bent at 90°was inserted in the 7 mm hole such that the short side of the straw was inside the jar and was fixed in position above the surface of the liquid by using laboratory parafilm. This device, which was modified from the odorant delivery container originally used by Chen and Halpern (2008) and Bolton and Halpern (2010) , allowed subjects to sample odorants in the vapor phase without ''tasting'' the liquid. To limit the loss of volatiles, the exterior end of the straw was kept covered until each session began. The odorant device was further covered with aluminum foil to avoid visual cues and was placed on a stir plate rotating at 600 rpm during testing sessions. The latter practice was employed to ensure that an approximately equal amount of odorant was available in the headspace on each trial.
Procedure
Each subject participated in one 30-min session. Prior to the data collection session, all subjects were initially given instructions in the localization task followed by 2 practice trials. On each trial, the subject was asked to open his/her mouth and to allow a disposable pipette (7.5 mL volume, VWR disposable graduated transfer pipets) containing 2 mL of taste stimulus to be placed on top of the tongue. While the pipette was in contact with the tongue, the subject was asked to position the straw in the mouth, close the lips around it, then inhale through the straw and exhale through the nose at a normal rate of breathing. Two seconds after the subject started breathing, the experimenter deposited the taste stimulus on the subject's tongue and withdrew the pipette. The subject was told not to swallow or to discontinue Figure 1 The retronasal odor delivery device used in the experiments. A portion of aluminum foil was cut away to show an interior view. The device was placed on a stir plate rotating 600 rpm during testing sessions.
breathing during this time. The subject was then asked to expectorate the stimuli after taking 2 more full breaths. This procedure was developed to create a situation in which the retronasal odor and the taste were perceived simultaneously during exhaling while they were presented separately to the mouth. The subject's task was to verbally report the location(s) where he or she perceived the ''citrus'' odor by consulting an oral and nasal cavity map (Figure 2 ) that included 1) the front and back of nose, 2) the oral cavity, 3) the front and back of tongue, and 4) the throat. It was emphasized that the ''citrus'' odor might be perceived at one location, multiple locations, or not at all and that the decision should be made before expectorating the stimulus. It was also emphasized that the task was to report where the ''citrus'' odor was perceived but not other sensations such as sweet, sour, salty, or bitter taste. However, no specific information was provided regarding the differences between tastes and smells in general and/or how taste and odor stimuli would be delivered during the procedure.
Following the practice trials, each subject received 6 test trials in a completely random order created by a random number generator using Microsoft Excel. During Experiment 1, vanilla odor was presented in the odor delivery device while the 4 taste stimuli were delivered, one at a time, by disposable pipettes. Two additional pipettes were utilized as control conditions: one containing no liquid (i.e., air control) and another containing a 2 mL aliquot of deionized water (i.e., tactile control). The subject's task was again to report the location(s) where he or she perceived the ''vanilla'' odor in the presence or absence of tastes or tactile stimulation. The subjects were asked to rinse with deionized water (37 ± 0.5°C) at least 3 times during the 1-min intertrial intervals. After completing 6 trials of the localization tasks, there was a 5-min break during which subjects rinsed vigorously with deionized water. To obtain replicate measurements, another 6 trials were presented following the same testing procedure but in a different random order. For each replicate, a fresh odor stimulus was provided and thus any odor stimulus was used no more than 6 trials. Even though the same stimulus in an odor delivery device was used for multiple trials, the device was removed from the stir plate after each trial and was placed back once again with a new straw in place. This practice was conducted to avoid the subjects being aware that the same sample was used for the 6 trials.
The procedures of Experiment 2 were identical to those of Experiment 1. The only difference between experiments was using a soy sauce odor instead of vanilla odor, and thus the subjects were asked to report where they perceived the ''soy sauce'' odor in the presence or absence of tastes and/or tactile stimulation.
Data analysis
Frequency counts of odor localizations to the nose, oral cavity, tongue, and throat were determined for each odor-taste (or odor-control) pair. Localization reports to both the front and back of the nose and/or tongue were counted as a single response to the nose and/or tongue. Note that total frequency responses varied across odor-control and odor-taste pairs (see Table 1 ) because the subjects were allowed to report multiple locations, a single location, or no location at all for any given test pair. The frequency responses for the 3 locations (i.e., nose, oral cavity, and tongue) were then analyzed for statistical significance using a 2-tailed chi-square test (O'Mahony 1985) . (Note that the frequency counts for the throat were not included in the statistical analysis because the odors were so rarely perceived in that region [also see Table 1 ].). First, the frequency counts of the odor-water pair (i.e., the observed values) were compared against those of the odor-air pair (i.e., the expected values) to test for the effect of tactile stimulation on odor referral. The frequency responses for each odor-taste pair (i.e., the observed values) were then compared against those of the odor-water pair (i.e., the expected values) to test for the effect of taste stimulation on odor referral. In addition, the statistical tests were conducted for the data from each replicate as well as the averaged counts across replicate measurements. All statistical analyses were conducted with Statistica 8.0 (StatSoft Inc.). Figure 2 The oral and nasal cavity map. The subjects consulted this diagram while they performed the localization tasks.
Results
Experiment 1
As shown in Table 1 , the statistical results for the 2 replicates were very comparable, indicating that the subjects' responses for the localization task were statistically reliable. The averaged results of the odor localization task across replicates are shown in Figure 3 . When retronasal odors were perceived alone without taste or touch stimulation in the mouth (i.e., the air control), vanilla odor was localized 54.7%, 26.4%, and 18.9% (of total frequency counts) in the nose, oral cavity, and on the tongue, respectively. The frequency counts reported for vanilla odor when water was presented simultaneously in the mouth were not significantly different (v 2 = 0.31, degrees of freedom [df] = 2, P > 0.05) from those for vanilla alone (i.e., the air control), indicating that referral was not dependent on oral tactile stimulation. Furthermore, the frequency counts reported for vanilla in the presence of citric acid, NaCl, and caffeine were also not significantly different (v 2 = 0.67, 1.03, 0.32, respectively; df = 2; P > 0.05) from when water (i.e., the tactile control) was presented in the mouth. However, the presence of sucrose in the mouth significantly increased localization of the vanilla odor to the tongue (v 2 = 34.02, df = 2, P < 0.0001): percentage localizations were 30.6%, 19.4%, and 50.0% (of total frequency counts) in the nose, oral cavity, and on the tongue, respectively. These results suggested that retronasal odor was referred more strongly to the tongue when a congruent taste was present in the mouth.
Experiment 2
The results of the second experiment conducted using soy sauce as the test odor supported the hypothesis that congruency of the taste-odor pair is important for referral of retronasal odors to the tongue. As shown in Figure 4 , the soy sauce odor was localized on the tongue significantly more often (v 2 = 31.46, df = 2, P < 0.00001) when NaCl, but not other tastes, was presented simultaneously in the mouth (water: 59.2%, 18.4%, 22.4% vs NaCl: 26.8%, 23.9%, 49.3% of total average counts for nose, oral cavity, and tongue, respectively). The results also indicated that when perceived alone without taste or tactile stimulation in the mouth (i.e., the air control), soy sauce odor was localized 60.0%, 21.7%, and 18.3% in the nose, oral cavity, and on the tongue, respectively. Again, the frequency counts reported for soy sauce odor when water was presented simultaneously in the mouth (i.e., the tactile control) were not significantly different (v 2 = 1.30, df = 2, P > 0.05) from when soy sauce odor was presented alone (i.e., the air control). Note that the statistical results for each replicate were also very comparable (data not shown). The frequency counts for the throat were not included for the chi-square tests due to subject's rare usage.
Figure 3
Averaged frequency responses for the odor localization tasks for each vanilla-air, vanilla-water, or vanilla-taste pair. Note that the subjects were allowed to report none, one location, or multiple locations for each test pair, and thus, the total frequency counts across the test pairs are not exactly the same. In one condition (air control), neither taste nor tactile stimulation was presented. In another condition, water was presented simultaneously in the mouth to provide tactile stimulation without any taste input. The frequency responses for each vanilla-taste pair were compared with those for vanilla-water pair by a 2-tailed chi-squared test. The asterisk indicates a significant difference at P < 0.0001.
Discussion
The present results shed new light on the conditions of stimulation that are necessary for referral of retronasal odors to the oral cavity and, more specifically, to the tongue. First, the data show that referral of retronasal odors to the mouth can occur even in the absence of taste or tactile stimulation. When perceived alone retronasally by inhaling the odor through a straw and exhaling through the nose, vanilla and soy sauce odors were localized remarkably often to the oral cavity (26.4% and 21.7% of total counts for vanilla and soy sauce odor) and even to the tongue (18.9% and 18.3% of total counts for vanilla and soy sauce odor), accounting for between 40% to 45% of total localizations (see Figures 3 and 4 , air control). This result is especially surprising given that there was no taste or tactile sensation that could have ''captured'' the odor sensation into the mouth. As surprising as it is, this result is in good agreement with the data from a neuroimaging study by , which showed evidence that retronasally perceived food odors could be referred to the oral cavity in the absence of somatosensory stimulation. In that study, food (chocolate) and nonfood (lavender) odorants were delivered as vapors via both ortho-and retronasal routes and brain response was measured using functional magenetic resonance imaging. Comparison of retro-versus orthonasal delivery produced preferential activity during retronasal delivery at the base of the central sulcus, a brain region which is responsive to oral cavity somatosensory stimulation in humans (Pardo et al. 1997; Yamashita et al. 1999; Boling et al. 2002) . This finding was interpreted to mean that retronasal odors (especially the food odor), but not orthonasal odors, are referred to the mouth. The mechanism responsible for the referral of retronasal odors to the mouth in the absence of taste and tactile stimulations is uncertain at this point. However, one possible explanation is the ''direction of flow'' of odor molecules across the olfactory epithelium. In his ''chromatographic model,' ' Mozell (1964) proposed that the sorption of odors to the olfactory epithelium in relation to the direction of airflow changes the pattern of mucosal activation and results in perceptual differences between ortho-and retronasal odors. One of those perceptual differences could be localization of the odor in the mouth rather than in the nose. A more recent study by Hummel and Heilmann (2008) supported this hypothesis by demonstrating that olfactory information is processed differently depending on the route of odor presentation as well as the perceptual context (i.e., food vs nonfood odor). The evidence that the presence of tactile stimulation did not augment the degree of odor referral to the oral cavity and the tongue suggests that somatosensory stimulation itself may not be sufficient to cause odor referral to the mouth (see Figures 3 and 4 , air vs water conditions). This finding is rather striking because it is in contrast to the long-standing speculation that odor referral may be mediated through cutaneous stimulation, which virtually always accompanies taste stimulation (Hollingworth and Poffenberger 1917; Murphy and Cain 1980; Rozin 1982) . Specifically, it was hypothesized that odor referral may have a basis similar to the phenomenon of ''Thermal Referral'' (Green 1977 (Green , 1978 , in which sensations of warmth or cold are perceived at skin sites that share a common mechanical stimulus. This possibility subsequently received indirect support from evidence that taste can also be referred to the site of tactile stimulation (Todrank and Bartoshuk 1991; Green 2002; Lim and Green 2008) . In consideration of what seems to be the common role of tactile stimulation, which is ''capturing'' the sensations of other modalities, it is somewhat puzzling why such an effect does not occur for olfactory stimulation. One explanation may lie in the psychophysical procedure that was used in the present study: The components of a flavor were teased apart and presented separately instead of as a single entity. Although this approach is advantageous to investigate the effects of direction of airflow, taste, and tactile stimulation on odor referral, it is also highly artificial. During natural tasting, both tastants and odorants are released from food substances as tactile stimulation simultaneously occurs. Thus, even though the current results suggest that tactile stimulation is insufficient to cause odor referral by itself, they do not rule out a role of somatosensory stimulation under the normal eating/drinking circumstances. An Figure 4 Averaged frequency responses for the odor localization tasks for each soy sauce-air, soy sauce-water, or soy sauce-taste pair. Note that the subjects were allowed to report none, one location, or multiple locations for each test pair, and thus, the total frequency counts across the test pairs are not exactly the same. In one condition (air control), neither taste nor tactile stimulation was presented. In another condition, water was presented simultaneously in the mouth to provide tactile stimulation without any taste input. The frequency responses for each soy sauce-taste pair were compared with those for soy sauce-water pair by a 2-tailed chi-squared test. The asterisk indicates a significant difference at P < 0.00001. experiment that measures odor referral during more natural tasting is currently being conducted to further address this issue.
The most notable finding of the current study is the effect of a congruent taste on retronasal odor referral to the tongue. In Experiment 1, vanilla odor was localized on the tongue significantly more often when sucrose, but not other tastes, was presented simultaneously (see Figure 3) . Green and others, recently, also reported that the frequency of localization to the tongue was more than doubled when vanillin and citral were sampled with sucrose in aqueous mixtures as opposed to the odor stimulus alone . Combining these findings, 2 possible hypotheses were originally considered: 1) that sweetness might have a special aptitude to enforce localization of odors to the tongue by virtue of signaling the source of sweet carbohydrates or 2) that retronasal odors and tastes are co-localized on the tongue when they are congruent and thus signal a known safe food. The evidence from Experiment 2, however, did not support the first hypothesis: in the presence of sodium chloride, but not sucrose, soy sauce odor was localized significantly more often on the tongue and slightly more often in the oral cavity (see Figure 4 , water vs NaCl). This result indicates the importance of the congruency of tastes and odors for retronasal odor referral to the tongue. In addition, the fact that both sucrose and sodium chloride are nutritive tastes (Scott and Plata-Salaman 1991) , which signal the presence of macronutrients, suggests that not only the congruency between the tastes and odors but also the physiological significance of tastes (Rudenga et al. 2010) may play key roles to enhance odor referral to the tongue. The latter possibility is currently being investigated. In any case, when a congruent taste(s), defined as a taste that commonly appears with an odor in foods, is presented simultaneously with an (food) odor, the olfactory input combines with oral inputs into an emergent percept (e.g., fermented soy odor becomes soy sauce ''flavor''), in which the olfactory component may lose its separate identity (Rozin 1982) . Consequently, the retronasal odor is perceived as though it is sensed on the tongue rather than in the nose (i.e., mislocalization of odor by definition in sensory perspective). Consistent with this view is the evidence that congruency between tastes and odors is learned (Stevenson et al. 1995; Stevenson et al. 1998; Prescott 1999; Prescott et al. 2004) , which means associative learning may play a role in the development of retronasal odor referral for specific stimuli. Whether this turns out to be true or not, the notion of odor referral to the mouth demonstrates that as much as the olfactory and taste systems are physiologically distinct sensory modalities, tastes and odors interact closely (e.g., Small and JonesGotman 2001; Delwiche 2004; Small and Prescott 2005) to perform their shared function of detecting and selecting potential foods (Gibson 1966) . In another words, odor referral to the tongue might be a manifestation of a perceptual interaction between tastes and odors.
It is notable that Stevenson et al. (Forthcoming) recently reported that under certain conditions, an orthonasal odor can also be perceived to arise from the mouth. Following-up an observation reported by von Bekesy (1964) that the perceived location of an orthonasal odor can shift from the nose to the mouth depending upon the time between taste and odor stimulation, Stevenson et al. showed that the source of a sniffed odor can be attributed to the mouth when the odor is experienced simultaneously with a taste. In addition, these authors went on to show that somatosensory stimulation alone, instantiated by changes in viscosity and oral movement, was not sufficient to create this misattribution. Instead, they concluded that the gustatory system was the basis for the localization of orthonasal odor to the mouth, either alone or in conjunction with somatosensory activity. Those results, which were published after the present study had already been completed, are broadly in line with the current findings even though many of the aims and methods of the 2 studies were different. For example, because Stevenson and colleagues focused on understanding the factors that govern what they termed ''location binding'' of orthonasal olfaction, the subject's task in their study was to identify the source of the odor (i.e., ''odor jar'' vs ''mouth'') rather than the perceived location of odor sensations in the oronasal cavity. In addition, although taste was found to play a central role in the task, the possible effect of odor-taste congruency was not investigated. Finally, orthonasal odor referral is probably not a significant factor in normal flavor perception as it could potentially confuse environmental odors with food odors and interfere with the development of associations between tastes and retronasal odors (Stevenson et al. 1995; Stevenson et al. 1998; Prescott 1999; Prescott et al. 2004 ) that appear to be a critical part of flavor percepts. Even so, the combined results of the present study and those of Stevenson et al. definitively show that, regardless of the route of olfactory stimulation, the perception of odors in the mouth depends strongly on taste stimulation.
In conclusion, the study described here provides compelling evidence for at least 2 different mechanisms that are important for the referral of retronasal odors to the mouth and tongue. First, whether taste and tactile stimulation are present in the mouth or not, odors are referred to the oral cavity and the tongue when food odors reach the olfactory epithelium via the retronasal route. This result agrees with the past research and speculation that the direction of odorant flow through the nose provides information about the origin of odors (Rozin 1982; . Second, the presence of taste and/or tactile stimulation itself is not sufficient to enhance retronasal odor referral, whereas referral to the tongue depends strongly on the presence of a congruent taste(s). It is yet to be determined whether nutritive status of a taste is a requirement for occurrence of odor referral and/or whether congruent tactile stimulation (e.g., appropriate textures, viscosities) might also improve odor referral to the mouth, which might be expected if odor referral, and thus the merging of flavor components depends upon identification of a familiar and nutritive food source.
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